Abstract Palm shell activated carbon was modified via surface impregnation with polyethyleneimine (PEI) to enhance removal of Cu 2 þ from aqueous solution in this study. The effect of PEI modification on batch adsorption of Cu 2 þ as well as the equilibrium behavior of adsorption of metal ions on activated carbon were investigated. PEI modification clearly increased the Cu 2 þ adsorption capacities by 68% and 75.86% for initial solution pH of 3 and 5 respectively. The adsorption data of Cu 2 þ on both virgin and PEI-modified AC for both initial solution pH of 3 and 5 fitted the Langmuir and Redlich-Peterson isotherms considerably better than the Freundlich isotherm.
Introduction
Over the past century, the influx of fractions of these metals into the earth's surface environment has been amplified substantially due to large-scale industrialization. Malaysia, which is a fast developing South East Asian country, relies substantially on such an industrialization initiative to boost its global economy competitiveness. Concurrently, tremendous economic growth which is spurred by robust manufacturing industries has also generated a significant quantity of hazardous wastes. Heavy metal-laden industrial wastewaters are examples of such wastes which can have damaging implications for public health. This grave circumstance is further exacerbated by the fact that 95% of current water supply in Malaysia is obtained from surface water bodies which are highly vulnerable to water contamination caused by such wastewaters.
Copper is an element found in most heavy-metal laden wastewaters in Malaysia. According to a report produced by the Department of Environment, Malaysia (DOE, 2002) , copper was found to be the predominant heavy metal that exceeded permissible levels in marine water in the year 2002. This is an indication that influx of copper-laden wastewaters into surface water bodies and subsequently into marine water in Malaysia has reached a worrying level. As such, many existing wastewater treatment technologies are currently being upgraded or modified by researchers in order to increase effectiveness of the current wastewater treatment systems. Examples of such technologies in Malaysia are palm shell activated carbon adsorption systems. Issabayeva et al. (2006) investigated the effectiveness of palm shell activated carbon to remove lead ions from aqueous solutions via batch adsorption and showed that the AC had high adsorption capacity for lead ions, especially at pH 5 with an ultimate uptake of 95.2 mg/g. As such, it can be surmised that palm shell AC has good potential for application of wastewater treatment with regard to metal ion removal.
The authors are of the opinion that application of palm shell activated carbon can be further improved by increasing its metal adsorption capacities. As such, researchers usually use wet oxidation techniques to enhance metal affinity. These techniques involve usage of strong acid solutions (Jia and Thomas, 2000; Vladimir and Malik, 2002) to introduce more acidic functional groups onto the surface of AC as it is a well established fact that these functional groups have good affinity towards metal ions. On the other hand, studies on modification of activated carbon via impregnation of chelating polymer to enhance metal affinity are non-existent. Polyethyleneimine (PEI) is a well recognized polymer with high metal chelation capability.
The objectives of this study were (a) to determine the effect of PEI surface modification on the Cu 2 þ adsorption capacity of palm shell activated carbon; and (b) to investigate the equilibrium behavior of adsorption of metal ions on PEI-modified activated carbon. In addition, adsorption equilibrium data are fitted to Langmuir, Freundlich and Redlich -Peterson isotherm models in order to provide an insight into Cu 2 þ adsorption from aqueous solutions onto PEI-modified AC in terms of equilibrium, which can be used in the design of copper batch adsorption systems.
Methods

PEI Impregnation of activated carbon
The palm shell-based activated carbon was produced by physical activation process with steam as the activating agent. It was supplied by Bravo Green Sdn Bhd (Malaysia). The activated carbon was sieved to sizes range from 710 to 850 mm, washed with deionized water (.18 MV cm) to remove fines and dirt, oven dried at 105 8C for a day and stored in plastic containers. PEI with average M n of 423 obtained from Sigma-Aldrich (catalog no: 468533) was used to impregnate the AC. The AC was divided into 2 g portions and placed in separate flasks and 50 ml of PEI solutions with initial concentration of 60 g/l were added. The AC together with the PEI solutions were then agitated in an orbital shaker at 180 rpm at constant temperature of 25 8C for 72 hours. The impregnated AC were then washed with deionized water and oven dried at 60 8C for a day prior to batch metal adsorption.
Characterization of activated carbon
Both the virgin and PEI-impregnated activated carbon (hereafter known as VAC and PIAC respectively) were characterized for Brunauer-Emmett-Teller (BET) surface area, pore volume and pH of point of zero charge (pH PZC ). The physical characteristics of the AC were determined using ThermoFinnigan Sorptomatic 1990 Series analyzer. A second run to determine the physical characteristics of the AC was conducted by means of a different Sorptomatic analyzer to ensure the consistency of the results. Prior to analysis, the samples were degassed at 120 8C for at least 24 hours. A pH 'drift' method was utilized to determine pH of point of zero charge (PH PZC ) (Lopez-Ramon et al., 1999; Mullet et al., 1999) . were adjusted via addition of perchloric acid and/or sodium hydroxide solutions. These two pH values were selected due to their prevalence in Malaysian industrial wastewaters (DOE, 2002) . Perchlorate salt was chosen due to its very poor complexation tendencies at low pH. Each batch was agitated by means of an orbital shaker at 180 rpm and room temperature (25 8C). After a contact time of 24 hours, the suspensions were left to settle and the activated carbon separated from the solution before solution pH were measured. A Cyberscan 510 pH meter was used for all pH measurements in this study. Metal concentrations C.Y. Yin et al.
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before and after adsorption were determined via Varian Liberty 220 ICP-AES. The equilibrium adsorption capacity was calculated using:
where q e (mg g
21
) is the equilibrium adsorption capacity, C 0 and C e are the initial and equilibrium concentration (mg l 21 ) of PEI in solution, V (L) is the volume and M (g) is the weight of AC.
Results and discussion
Characteristics of activated carbon
The characteristics of VAC and PIAC are shown in Table 1 . The BET analysis indicates substantial decrease in surface area from 942 to 32 m 2 /g while correspondingly maximum pore volume is also shown to decrease from 0.524 to 0.026 cm 3 /g after impregnation with PEI. This indicates that PEI molecules have clogged the pores. The virgin AC is approximately more than 90% microporous an the PEI impregnated AC appears to lose almost all the micropores and the amount of mesopores is marginally reduced. Nonetheless, it should be noted that the volumes of micropores and mesopores in the PEI-AC are comparatively very low as the maximum pore volume is indicated to have decreased drastically due to impregnation. Therefore, it is not suitable to compare the pore size distributions of these two AC. The pH point of zero charge (pH PZC ) values are very low in this study, metal ion adsorption is expected to be high at initial solution pH higher than 2.
Equilibrium adsorption capacity
Equilibrium was achieved after 24 hours of contact time. Adsorption isotherms for Cu 2 þ adsorption on AC at initial solution pH of 3 and 5 were plotted in Figure 1 . From the plots, it is determined that the maximum amounts of adsorbed Cu 2 þ on VAC are 12.5 mg/g (0.197 mmol/g) for pH 3 and 14.5 mg/g (0.228 mmol/g) for pH 5 whereas for PIAC they are 21.0 mg/g (0.330 mmol/g) for pH 3 and 25.5 mg/g (0.401 mmol/g) for pH 5. It is apparent that the maximum uptakes of Cu 2 þ are significantly better at pH 5 as compared to pH 3. This is attributed to the higher concentration of H þ ions (higher protonation) at pH 3 leading to stiffer competition of adsorption sites (mostly at acidic functional groups) on the surface of the activated carbon. In terms of comparing the amount of active sites available for adsorption, the unit mmol/g is used instead of mg/g to indicate the specificity of the maximum adsorption capacity on the basis of quantity adsorbed which is independent of weight of ions. At both initial pH, PEI modification clearly increases the adsorption capacity for Cu 2 þ by 68% and 75.86% for initial solution pH of 3 and 5 respectively. Table 2 provides a comparison of the adsorption capacity of Cu 2 þ on different adsorbents taken from numerous studies.
It is interesting to note that these increases occur even though surface area and pore volume are determined to be significantly reduced after PEI modification. As such, it can be postulated that physical interactions such as pore diffusion may be insignificant in this study. These increases are perhaps attributed to enhanced complexation effect due to presence of PEI on the surface of the AC as PEI was proven to be an effective complexation agent in other studies (Kokorin et al., 1981; Kislenko and Oliynyk, 2002) . It is also possible that the impregnated PEI provides more sites on the surface for improved coordination for the metal ions due to its long-chained structure besides its ability to form stable complexes with metal ions, especially with copper ions (Kokorin et al., 1981) . These increases can also be explained by means of the pH PZC data. The pH PZC is the pH value of the solution where the net surface charge is zero and determination of pH PZC would offer a suggestion on the specificity of adsorption. Mullet et al. (1999) and Dastgheib and Rockstraw (2002) stated that higher adsorption rate of metal ions on surface was promoted when solution pH was higher than pH PZC . This statement can also imply that lower pH PZC of PIAC as compared to VAC actually enhances the adsorption rate of Cu 2 þ which explains the former's higher Cu 2 þ adsorption capacities. Figure 2 shows the equilibrium pH at corresponding equilibrium concentrations for initial solution pH of 3 and 5 respectively. It should be noted that pH control to maintain consistent pH before and after adsorption was not carried out because the aim of the study was to closely simulate the actual application of an actual industrial batch adsorption process where pH control was rarely done. Generally, the equilibrium pH for PIAC is marginally higher than for VAC. This can be attributed to the innately basic characteristic of PEI due to presence of amine groups. The trend exhibited by the equilibrium pH, in general, indicates that at low metal equilibrium concentrations (, 50 mg/L), the equilibrium pH are at a relatively higher range prior to reduction to lower pH from equilibrium concentrations of 200 mg/L onwards and appear constant henceforth. This can be explained in a simple manner; at low metal concentrations, less metal cations would be available to compete with the H þ ions for the adsorption sites, rendering much higher adsorption rate of the H þ ion onto the AC surface. Thus, as more H þ ions were depleted in the bulk solution, the solution equilibrium pH would be higher. The disparity between the initial and equilibrium pH is high with average pH increases from initial solution pH of 3 to equilibrium pH of 2.84, while average pH increase from initial solution pH of 5 to equilibrium pH is 1.49. The very low pH PZC of both VAC and PIAC suggests that their surfaces are more negatively charged than activated carbon derived from other organic sources since the pH PZC of the latter are much higher than 2. This, in turn, suggests that the magnitude of attractive forces between H þ ion and the surface of activated carbon in this study has been much higher than typical interactions resulting in higher removal of H þ from the bulk solution. This explains the high equilibrium pH of the solutions.
Equilibrium pH
Adsorption isotherms
The equilibrium data on adsorption of metals onto VAC and PIAC were fitted to three well known isotherm models, namely, Langmuir, Freundlich and Redlich -Peterson. The Langmuir isotherm model, which is a two-parameter model, is based on monolayer adsorption on active sites of the adsorbent and presented by the following equation:
where q m is the amount of adsorbate adsorbed per unit mass of adsorbent corresponding to complete monolayer coverage and K is the Langmuir constant. Usage of this adsorption isotherm implies that intermolecular forces diminished quickly with distance and the existence of a monolayer of adsorbate at the outer surface of the adsorbent. A linear plot of (C e /q e ) against C e was employed to give values of q m and K from the slope and the intercept of the plot (Monser and Adhoum, 2002) . Another two-parameter isotherm model, namely, Freundlich isotherm model is presented by the following equation:
where K F and n are constants. The Freundlich isotherm is obtained under the assumption of a very heterogeneous surface. A linear plot of log q e against log C e was employed to give values of K F and n from the intercept and slope of the plot (Chingombe et al., 2006) .
The Redlich -Peterson isotherm is a three-parameter isotherm model and presented by the following equation:
where A, B and g are parameters of the Redlich -Peterson model. The model is a combination of the Langmuir and Freundlich model. It approaches the Freundlich model at high concentration and is in accord with the low concentration limit of the Langmuir Equation (Ozkaya, 2006; Suen, 1996) . The exponent g has a value between 0 and 1 and if g is 1, the Redlich -Peterson model reduces to the Langmuir model. A non-linear method via trial-and-error method incorporating minimization of sum of square errors (SSE) was used to determine values of A, B and g (Kumar and Sivanesan, 2007) .
The determined Langmuir, Freundlich and Redlich-Peterson isotherm constants for adsorption of Cu 2 þ onto VAC and PIAC at 25 8C along with their correlation coefficients are listed in Table 3 . Generally, the adsorption data of all the metal ions on both VAC and PI AC for both initial solution pH of 3 and 5 evidently fit the Langmuir isotherm considerably better than the Freundlich isotherm since the R 2 values for the former are comparatively higher that the latter. This implies that monolayer adsorption of metal ions and it is unsuitable to use the Freundlich isotherm to represent the metal ions adsorption on both VAC and PIAC. Based on good fitting of adsorption data on the Langmuir isotherm, it can be surmised that the significant mechanism that governs the removal of metal ions from bulk solution is adsorption and that precipitation can be construed as minor in this study. The adsorption data also fit well to the Redlich -Peterson isotherm judging by the high R 2 values. The values of g reach unity for adsorption of Cu 2 þ at pH 5 which indicates that the Redlich -Peterson isotherm is approaching Langmuir form.
Conclusions
PEI modification increased the Cu 2 þ adsorption capacity on the palm shell activated carbon by 68% and 75.86% for initial solution pH of 3 and 5 respectively, even though surface area and pore volume are determined to be significantly reduced after PEI modification. It was suggested that these increases were attributed to enhanced complexation effect due to presence of PEI on the surface of the activated carbon. As such, PEI modification on activated carbon was proved to be technically feasible to enhance removal of Cu 2 þ from heavy metal-laden industrial wastewaters. The adsorption on both virgin and PEI-modified activated carbon for both initial solution pH of 3 and 5 generally fitted the Langmuir and Redlich -Peterson isotherms considerably better than the Freundlich isotherm.
